To understand the ecological significance of arbuscular mycorrhizal (AM) associations in arid ecosystem, the spatial patterns of AM fungi, glomalin and soil enzymes were surveyed at four sites located in the Otindag sandy land, northern China. Soil samples in the rhizosphere of Caragana korshinskii Kom. were collected at 0-10, 10-20, 20-30, 30-40 and 40-50 cm depth in July 2009. The study showed that C. korshinskii Kom. could form strong symbiotic relationship with AM fungi. AM fungal colonization, spore density, total Bradford-reactive soil protein (T-BRSP) and easily extractable Bradford-reactive soil protein (EE-BRSP) significantly differed among four sites and soil depths. Correlation analysis showed hyphal colonization had positive correlation with soil urease (P < 0.01). Spore density, T-BRSP and EE-BRSP were positively correlated with soil organic carbon, available N and P, and soil urease, acid phosphatase and alkaline phosphatase (P < 0.01). Based on stepwise regression, soil urease, available N and organic carbon were principal soil factors affecting the spatial distribution of AM fungi and glomalin. The results support the conclusion that glomalin may be an appropriate index for evaluating soil fertility. Moreover, the spatial distribution pattern of AM fungi and glomalin are useful to monitor desertification and soil degradation.
INTRODUCTION
Arbuscular mycorrhizal (AM) fungi are important soil organisms belonging to the phylum Glomeromycota, and form symbiotic associations with the majority of terrestrial plant species (Smith and Read, 2008) . In this symbiosis, the host plant provides the fungus with soluble carbon sources, and the fungus enhances the uptake of certain nutrients by root , increases plants against pathogens (Graham, 2001) , improves plant tolerance to environmental stresses such as drought (Augé, 2001) , and accelerates plant establishment (Caravaca et al., 2003) . Therefore, AM fungi play a critical role in vegetation succession of ecosystem, plant diversification *Corresponding author. E-mail: xuelh1256@yahoo.com.cn. Tel: + 86(0) 3125079364. Fax: + 86(0) 3125079364 and productivity, as well as restoration and reestablishment of degraded ecosystems (Allen and Allen, 1980; Hartnen and Wilson, 1999; Dhillion and Gardsjord, 2004) .
Glomalin is a glycoprotein produced by AM fungi (Wright and Upadhyaya, 1996) , which is accumulated in soils (Rillig et al., 2001) . Currently, glomalin in soils is quantified as glomalin-related soil protein (GRSP), and is defined by the extraction condition (Rillig, 2004; Nichols and Wright, 2005) . Its biochemical nature is still not well understood (Rillig, 2004) . It attaches to soil and helps to stabilize aggregates (Rillig and Mummey, 2006) . GRSP also presents a potentially important soil C pool (Rillig et al., 2001) . Soil enzyme activities are indicators of soil microbial status and soil physico-chemical conditions (Caldwell, 2005) . They often correlate well with nutrient availability (Geisseler and Horwath, 2009 ).
The Otindag sandy land, one of the four largest sandy lands in China, has suffered severe sandy desertification in the past decades (Liu et al., 2008) . Further, the Otindag sandy land is becoming one of the major sources of sandy dust storms with increasingly severe adverse environmental impacts on extensive areas in northern China (Jin et al., 2001) .
Caragana korshinskii Kom. is an important leguminous shrub for vegetation rehabilitation and widely spreads in arid and semi-arid lands in northern China (Fang et al., 2008) . It has important ecological and economic value, including playing a key role in vegetation succession from shifting dune to sandy grassland, helping to restore degraded land by fixing atmospheric nitrogen, forming shrub shelterbelt for crops and artificial grassland, and serving as supplemental livestock forage . Communities of AM fungi in the rhizosphere of C. korshinkii Kom. has been studied in northwestern China Zhang et al., 2010) , but the information about spatial distribution of AM fungi and glomalin, and the associated relationship among AM fungi, glomalin and soil enzymes in the Otindag sandy land is still lacking.
Our specific goals were to determine the spatial variability of AM fungal colonization and spore density, and glomalin in the rhizosphere of C. korshinskii Kom. in the Otindag sandy land, and access the influence of edaphic conditions and soil enzyme on AM fungi and glomalin. This study will provide the foundation for the understanding the ecological role of AM fungi in arid ecosystem.
MATERIALS AND METHODS

Study sites
The four sampling sites were selected, that is, Eryangdian (EYD), Taipusiqi (TPS), Heichengzi (HCZ) and Zhenglanqi (ZLQ). The four sampling sites are all in the southeastern edge of the Otindag sandy land in Inner Mongolia, China. The climate is temperate continental semi-arid type with strong wind. The annual average temperature is 0-3°C. Annual average precipitation, mainly occurring in summer and fall with some inter-annual fluctuation, is nearly 400 mm (Liu et al., 2008 
Soil sampling
Four individuals of C. korshinskii were randomly selected at each sampling site, and samples of root and soil were collected from the rhizosphere of each plant to a depth of 50 cm in July 2009. The soil core was divided into five sections, that 0-10 cm, 10-20 cm, 20-30 cm, 30-40 cm and 40-50 cm. Before collecting soil samples, the upper layer of soil (approximately 1-2 mm) was scraped off to remove litter. The collected soil and root samples were stored in sealed plastic bags and transported to the laboratory in an insulated container. Before processing, all the samples were sieved (< 2 mm mesh size) to remove stones, coarse roots and other litter, and fine roots were collected from each sample. Soil samples were air-dried and stored at 4°C.
Determination of AM fungal colonization
Root samples were separated from soil, washed in tap water and cut into 1 cm long pieces. The segments were cleared with 10% (w/v) KOH and stained with 0.5% (w/v) acid fuchsin solution (Phillips and Hayman, 1970) . Colonization assessment was conducted on each sample by the glass slide method, in which 50 randomly selected 1 cm root segment units were determined microscopically. A section was counted as infected when hyphae, vesicles, or arbuscules were observed. Hyphal, vesicular and arbuscular colonization were expressed as the ratio of the number of colonized sections to the total number of sections examined (Biermann and Linderman, 1981; Mohammad et al., 1998) .
Assessment of AM fungal spore
The AM fungal spore number was determined by wet sieving and decanting (40-500 μm mesh) (Gerdemann and Nicolson, 1963) , sucrose density centrifugation (Ianson and Allen, 1986) , and counted under a stereoscopic microscope at 40×. Spore density was expressed as the number of spores per 5 g dry soil.
Soil analysis
Soil organic carbon (SOC) was estimated by oxidization with dichromate in the presence of concentrated sulfuric acid (Rowell, 1994) . Soil available P was determined by chlorostannus-reduced molybdophosphoric blue colour method by extraction with 0.5 M sodium bicarbonate for 30 min (Olsen et al., 1954) , and soil available N was measured using alkaline hydrolysis diffusion method. Soil pH was determined with a digital pH meter on a 1:2.5 (w/w) soil: water suspension. Results of urease activity were expressed as μg NH4 + -N released during 1 h from 1 g soil (Zhou, 1987) . Soil acid phosphatase and alkaline phosphatase was detected through method expressed by Tarafdar and Marschner (1994) . The unit of phosphatase activity (Eu) was nmol pNitrophenyl Phosphate (pNPP) g -1 soil h -1 that was released by phosphatase.
Two GRSP pools, defined as Bradford-reactive soil proteins (BRSP) were distinguished depending on the extraction conditions and chosen quantification method (Wright and Upadhyaya, 1998; Rillig, 2004) . The easily extractable Bradford-reactive soil protein (EE-BRSP) was extracted with 20 mM sodium citrate, pH 7.0, at 121°C for 30 min. Total Bradford-reactive soil protein (T-BRSP) was extracted with 50 mM sodium citrate, pH 8.0, for three 1 h cycles at 121°C, until the supernatant showed no characteristic glomalin colour. Supernatant was removed by centrifugation at 10,000 × g for 5 min to remove soil particles. Protein present in the supernatant was determined by Bradford assay using bovine serum albumin as the standard. The contribution of C in BRSP to SOC is calculated based on glomalin having 35.5% C (Rillig et al., 2003) .
Data analysis
Data were tested and meet the normality and homogeneity of variances prior to statistical analysis. Soil layer, sampling site and their interaction effects on measured variables were tested by twoway analysis of variance, and comparisons among means were made using the Duncan's test at P < 0.05. Pearson's correlation analysis was used to determine correlations between AM fungal colonization, spore density, glomalin and soil properties. Stepwise regression analysis was used to test the interactive effect of soil factors on AM fungal colonization, spore density and glomalin. Statistical procedures were carried out with the software package SPSS 16.0 for Windows.
RESULTS
Spatial changes of soil parameters
These parameters, except pH, showed similar tendency that the maximum was found in the 0-10 cm soil layer and decreasing with soil depths. Soil pH showed increased trend with soil depths (Figures 1 and 2) . Soil available N, organic carbon, acid phosphatase and alkaline phosphatase among four sites showed the same variable trend, that is, EYD > TPS > HCZ > ZLQ. Soil pH at four sites was slightly alkaline and the highest value occurred at TPS. The maximum of soil available P appeared at EYD and the minimum at HCZ. The highest soil urease activity was found at TPS and the lowest value at ZLQ (Figures 1 and 2 ). Soil layer and sampling site had significant effects on the edaphic factors and soil enzymes, and their interaction significantly influenced these parameters with exception for soil available N and organic carbon (Table 1) .
Spatial changes of spore density and colonization of AM fungi
Spore density reached the maximum in the 30-40 cm soil layer at HCZ, and exhibited a declined trend with soil depths at other three sites. The highest hyphal colonization was found in the 0-20 cm soil depth. Vesicular colonization reached maximal value in the top 30 cm of soil. Arbuscular colonization had no evident trend in different soil layers (Figure 3) . Spore density and colonization of AM fungi were significantly different among four sites (Figure 3 ). The highest spore density was found at EYD, the highest values of both hyphal and vesicular colonization occurred at TPS, and arbuscular colonization reached maximum at HCZ. On average, spore density was 223 per 5 g soil, hyphal, vesicular and arbuscular colonization were 60.38, 28.09 and 3.69%, respectively. Soil layer, sampling site and their interaction significantly affected spore density and colonization of AM fungi (Table 2) .
Spatial changes of glomalin-related soil protein
T-BRSP was significantly higher in the 10-20 cm soil layer than in the 40-50 cm soil layer at TPS, T-BRSP of 0-20 cm soil layer was significantly higher than that of 30-50 cm soil layer at ZLQ, while no significant difference was found among soil layers at HCZ and EYD. The change pattern of EE-BRSP throughout soil layers was similar to that of T-BRSP (Figure 4) .
On average, T-BRSP and EE-BRSP were 0.93 and 0.26 mg/g, respectively. There was significant difference for T-BRSP and EE-BRSP among four sites (Table 2, Figure 4 ). T-BRSP was maximal at EYD, and EE-BRSP reached the highest value at TPS. The contribution of C in T-BRSP to SOC varied from 5.64 to 44.95%, the contribution of C in EE-BRSP to SOC ranged from 1.07 to 20.34%, two ratios reached maximum at ZLQ and minimum at EYD ( Figure 5 ).
Correlation analysis
The results of correlation analysis were shown in Table 3 . Hyphal colonization had positive relationship with soil urease (P < 0.01). Vesicular colonization showed positive correlation with soil available N, organic carbon, urease, acid phosphatase and alkaline phosphatase (P < 0.01). Arbuscular colonization was negatively related with soil available N, organic carbon, acid and alkaline phosphatase (P < 0.01), and soil pH (P < 0.05). Spore density, EE-BRSP and T-BRSP showed positive correlation with edaphic factors (soil organic carbon, available N and P) and soil enzymes (soil urease, acid and alkaline phosphatase) (P < 0.01). Spore density was positively correlated vesicular colonization, and negatively with arbuscular colonization (P < 0.01). Soil urease, acid phosphatase and alkaline phosphatase had positive correlation with soil available N, available P and organic carbon (P < 0.01). Urease was correlated with soil pH (P < 0.01).
Stepwise regression analysis
Analysis of stepwise regression showed that soil urease was the best predictor of hyphal colonization, vesicular colonization and EE-BRSP. Soil organic carbon and acid phosphatase were the best predictors of arbuscular colonization. Soil available N was the best predictor of spore density. Soil organic carbon and alkaline phophatase were the best predictors of T-BRSP (Table 4) .
DISCUSSION
Spatial distribution of AM fungal colonization and spore density
This study indicated that C. korshinskii Kom. formed strong symbiotic relationship with AM fungi in the Otindag sandy land, similar result was reported in a previous study in Mu Us sandy land (Wu et al., 2010) . Pot experiments demonstrated that AM fungal inoculation promoted the drought resistance and growth of C. korshinskii Kom. . Therefore, the formation of arbuscular mycorrhiza may be an important growth strategy for C. korshinski Kom. in the arid conditions of the Otindag sandy land. The highest hyphal colonization occurred in the 0-20 cm soil depth, and then declined with soil depths, similar results were reported by He et al. (2002) . Hyphal colonization was also related to the distribution of host roots, the roots of C. korshinskii Kom. were distributed vertically in the uppermost portion of the soil profile .
Here, spore density was positively related with vesicular colonization and negatively correlated with arbuscular colonization, this result was in agreement with the finding by He et al. (2002) . This may be due to phenology, as these represent distinct developmental stages of AM symbioses. Arbuscules have a limited lifespan and begin to form approximately two days after root penetration. Vesicles begin to form when the arbuscules senesce and may remain in older roots for months or years, while spore formation follows vesicular development (Biermann and Linderman, 1983; Smith and Read, 2008) .
AM fungal diversity is a major factor contributing to plant community structure and diversity (van der Heijden et al., 1998; McCain et al., 2011) . Plant communities may also influence the diversity and community composition of AM fungi (Martínez-García et al., 2011; Torrecillas et al., 2012) . Soil degradation and desertification may reduce spore abundance and distribution of AM fungi (Jasper et al., 1991; Gai et al., 2006) . We also found that spore density was much higher in grassland (EYD and TPS site) than in desert prairie (HCZ and ZLQ site). Plant species and vegetation coverage was greatly decreased in desert prairie in contrasted to the grassland. Such decreases in aboveground plant biomass would reduce the carbon-source capacity of plants to meet the demands of AM fungi, resulting in reduction in spore density of AM fungi.
AM fungi and soil factors
Correlation analysis showed that both spore density and vesicular colonization were positively correlated with soil available N and organic carbon. Those findings coincided with previous researches (Bai et al., 2009; Yang et al., 2011) . AM fungi have a high N requirement for the synthesis of protein and chitin, the main constituents of its cell walls (Bethlenfalvay and Ames, 1987; Hodge et al., 2010) . Soil organic carbon increases the water holding capacity of the soil, therefore may facilitate a more favorable soil moisture condition for the AM fungal population (Panwar and Tarafdar, 2006) . Kahiluoto et al. (2001) reported that highly available soil P often limited AM fungal population in soil. In present study, soil available P content at four sites was lower than 5 µg/g, a distinctly limiting condition to plant growth, the positive correlation between soil P and spore density may be due to low level of soil P.
AM fungal components showed significant correlation with soil urease, acid phosphatase and alkaline phosphatase in this study. AM fungi in the mycorrhizosphere are also a likely source of different soil (Raiesi and Ghollarata, 2006) . There are various reports indicating that AM fungi can increase the activities of soil enzymes such as phosphatase, dehydrogenase and urease (Wang et al., 2006; Huang et al., 2009) . Urease catalyses the hydrolysis of urea to CO 2 and NH 4 + , phosphatase plays an essential role in the mineralization of organic P (Wang et al., 2006) . In this study, P deficiency may result in an increase of phosphatase activity (Raiesi and Ghollarata, 2006) . AM fungi may enhance soil fertility through their effects on activities of soil enzyme (AtulNayyar et al., 2009).
Glomalin-related soil protein and soil factors
The mean of T-BRSP in this study was 0.93 mg/g, which was similar with the result observed in Mu Us sandy land (Bai et al., 2009 ), but it was lower than that in temperate forest (2-15 mg/g) (Wright and Upadhyaya, 1998) . The lower concentrations of T-BRSP can be explained by the particular combination of several factors: the arid climate, the rarefaction of arbuscular mycorrhizal plants throughout ecosystem, the lower soil nutrient.
The SOC pool, an important component of terrestrial ecosystems, is a crucial regulator of carbon fluxes between the biosphere and the atmosphere. EE-BRSP and T-BRSP were strong positively related with SOC in this study, in agreement with previous reports (Purin et al., 2006; Cornejo et al., 2008) . Here, the average ratio of C contained in T-BRSP to SOC was 19.79%, which was higher than those in tropical forest soils (4-5%) and in agricultural soil (4.48-6.93%) (Rillig et al., 2001 (Rillig et al., , 2003 . Those results suggested that C in GRSP make large contribution to the total soil organic C in the Otindag sandy land. GRSP resulted in better soil structure and might alter soil moisture retention properties in turn, lead to better plant drought resistance and plant production (Wu et al., 2008; .
EE-BRSP and T-BRSP were positively correlated with soil available N, available P, in present study. This result was consistent with previous findings (Rillig et al., 2001; He et al., 2010; Wu et al., 2011) . Our study also found that EE-BRSP and T-BRSP had positive relation with spore density, and EE-BRSP was positively correlated with hyphal colonization. Since glomalin was produced by AM fungi as a component of hyphae and spore walls (Driver et al., 2005) , the quantity of GRSP in the soil can be considered related to the AM fungal activity. Soil fertility affected AM fungal colonization and spore population, therefore the quantity of GRSP in the soil may be influenced by soil fertility.
Conclusion
Our study shows that there is strong symbiotic relationship between C. korshinskii Kom. and AM fungi in the Otindag sandy land that is critical to the stabilization of sands in the region. AM fungal colonization, spore density and glomalin have a distinct spatial distribution pattern, which is influenced by soil factors. Soil urease, available N and organic carbon are principal soil factors affecting the distribution of AM fungi and glomalin. Therefore, the distribution pattern of AM fungi and glomalin can be useful to monitor desertification and soil degradation. Moreover, this research also suggests that glomalin may be an appropriate index for the evaluation of soil fertility.
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